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This work compiles, reviews, and discusses the available data and information on the
electrical resistivity of vanadium and zirconium and presents the recommended values
resulting from critical evaluation, correlation, analysis, and synthesis of the available data
and information. The recommended values presented are uncorrected and also corrected
for the thermal expansion of the material and cover the temperature range from 1 K to
above the melting point into the molten state. The estimated uncertainties in most of the
recommended values are about + 2% to + 5%.
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" 1. Introduction

The principal objective of this project was to exhaus-
tively compile, critically evaluate, analyze, and synthesize
all the available data and information on the electrical resis-
tivity of a large number of selected elements and to generate
recommended values over a full range of temperature from 1
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Nomenclature
c Impurity concentration
e Base of natural logarithm
L Length of specimen at 7
L,  Length of specimen at T},
AL  AL=L-1I,
M Atomic weight
RRR  Residual resistivity ratio
T Temperature
T, Reference temperature
4 Deviation from the Matthiessen’s rule
p Electrical resistivity
Po Residual electrical resistivity
Pe Electrical resistivity due to electron-electron scat-
tering
Pi Intrinsic electrical resistivity

K to the melting point and beyond. The results on the electri-
cal resistivity of vanadium and zirconium arc presented in
this work, which is one in a series of similar works on the
electrical resistivity of selected elements, some published. '~
The comprehensive study of the electrical resistivity of the
elements at the Center for Information and Numerical Data
Analysis and Synthesis (CINDAS) has been a continuation
of a similar extensive work on the thermal conductivity of
the elements.*

The general background information on this work is
given in Sec. 2, which includes a brief introduction to the
theory of the clectrical resistivily of wetals and a detailed
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explanation of the specifics and conventions used in the prc-
sentation of the data and information.

The experimental data and information and the recom-
mended values for the electrical resistivity of vanadium and
zirconium covering the temperature range from 1K to
above the melting point are presented in Sec. 3. In the
discussion of the electrical resistivity, details of data analysis
and synthesis are discussed and the uncertainties in the rec-
ommended values are stated. The recommended values,
both uncorrected and corrected for the thermal expansion of
the material, are presented.

The last two sections are for acknowledgments and re-
ferences. The classification and organization of methods for
the measurements of electrical resistivity and the conversion
factors for the units of electrical resistivity have been given in
Ref. 5.

2. General Background

It was found experimentally by Matthiessen thai the
increase in the electrical resistivity of a metal due to the pres-
ence of a small amount of another metal in the solid solution
is independent of the temperature. According to this Matth-
iessen’s rule, the total electrical resistivity of an impure metal
may, therefore, be separated into additive contributions: pg,
residual resistivity caused by the scattering of electrons by
impurity atoms and lattice defects and is temperature inde-
pendent but dependent on the impurity concentration (c);
and p;, the temperature-dependent intrinsic resistivity aris-
ing from the scattering of electrons by lattice waves or phon-
ons. However, in reality it is observed that

ple, T)=pole) +pi(T) + 4 (e, T), (1)
where 4 is the deviation from the Matthiessen’s rule.

It is to be noted that for some metals, especially transi-
tion metals, an electron—electron scattering term (o, ) makes
a significant contribution to p; at low temperatures, and is
generally included along with the Bloch-Gruneisen™® term
in representing p; . Further comments on Matthiessen’s rule
and the theoretical aspects of the temperature-dependent
electrical resistivity are given in Refs. 5-8.

In Sec. 3, electrical resistivity data and information for
vanadium and zirconium are presented in the following or-
der:

(1) A discussion text,

{2) A table of recommended values,

(3) A figure presenting recommended values and select-
ed experimental data as a function of temperature in a log—
log scale,

{4) A figure presenting recommended vatues and select-
ed experimental data (on which the recommendations were
based) as a function of temperature in a log-log scale,

(5) A figure presenting recommended values and select-
ed experimental data (on which the recommendations were
based) as a function of temperature in a linear scale,

(6) A table giving measurement information on the ex-
perimental data presented in the figures, and

(7) A table of experimental data for all the data sets
listed in item (6} above.

In the discussion text on the electrical resistivity, indi-
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vidual pieces of the data and information on which the rec-
ommendations are based are indicated, the considerations
involved in arriving at the final assessment and recommen-
dation are discussed, and the uncertainties of the recom-
mended values are stated.

The recommended values are for well-annealed high-
purity specimens; however, values for low temperatures are
applicable only to specimens having the residual electrical
resistivity as given at 1 K in the tables. _

The recommended values uncorrected and corrected
for the thermal expansion of the element are both given in
the table. The uncorrected and corrected values are related
by the following equation:

—[1+ 22T, @
0
where AL =L — L, and L and L, are the lengths of the
specimen at any temperature T and at a reference tempera-
ture T, respectively. The thermal expansion correction
amounts roughly to about — 0.2% at low temperatures,
zero at room temperature, about 0.3% near 500 K, and
about 1.5% to 2.5% near the melting point of the element.

The recommended values in some cases arc given with
more significant figures than warranted, which is merely for
tabular smoothness or for the convenience of internal com-
parison.

In the figures, a data set consisting of a single data point
is denoted by a number enclosed by a square, and a curve
that connects a set of two or more data points is denoted by a
ringed number. These data set numbers correspond to those
listed in the accompanying tables providing measurement
information and tabulating numerical data for each of the
data sets. The data set numbers of those data scts omitted
from the figure are asterisked in tables providing the mea-
surement information and tabulating the experimental data.

The experimental methods used for the measurement of
the electrical resistivity are indicated in the column headed
“Method Used” in the table by the following code letters:

A Direct-current potentiometer method

B Direct-current bridge method

C Alternating-current potentiometer method

K Direct heating method

R Rotating magnetic field method

T Transient (subsecond) method

V Voltmeter and ammeter direct reading method.

—» This symbol means either that the method de-
scribed by the author is not sufficient for assigning a
specific code letter or that the use of a code letter
would not convey enough of the information report-
ed in the research document, and therefore the
method used is described briefly in the last column
of the table.

P corrected (

3. Electrical Resistivity Data and
Information

3.1. Vanadium

There are 69 sets of experimental data available for the
electrical resistivity of undoped vanadium as a fuuction of



ELECTRICAL RESISTIVITY OF VANADIUM AND ZIRCONIUM

temperature. The residual resistivity of the purest sample
reported in this investigation is 0.010 08 X 10~ £2 m. Infor-
mation on the specimen characterization and measurement
condition for each of the data sets is given in Table 2. The
data are tabulated in Table 3 and shown partially in Fig. 1.
In the absence of a magnetic field, vanadium is a super-
conductor below its superconducting transition temperature
(5.46 K). The superconducting transition temperature is
very sensitive to the magnetic field intensity: the higher the
magnetic field intensity, the lower is the superconducting
transition temperature. Aleksandrov ez al.'® found that the
superconducting transition temperature of vanadium would
be lowered to 4.5 K in a magnetic field of ~0.5 kOe. Fur-
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thermore, their measurements for the nonsuperconducting
state of a high-purity vanadium specimen at ~5.4 K in a
magnetic field of ~2.2 kOe showed an increase of about
0.45% in the electrical resistivity; thus the influence of the
magnetic field on the electrical resistivity of very pure vana-
dium can be neglected.

The electrical resistivity below room temperature has
received considerable attention. This is evident in the extent
of the measurements of Pan er al."? (data sets 6, 7)., Court-
ney'* (data sets 8-11), Chakal’skii ef al.'> (data set 15), Jung
et al.'*'® (data sets 13-16), Aleksandrov'® {data sets 17, 18),
Azhazha et al*° (data sets 19, 20), Westlake and Alfred®’®
{data sets 37, 38), Amitin et a/.* (data sets 41, 42), Taylor

RECOMMENDED VALUES FCR THE ELECTRICAL RESISTIVITY OF VANADIUK®

[Terperature, T, K; Electrical Resistivity, p, 1678 ¢ pl

T p - p
uncorrected cor feEﬁ»E_d —— _uncorrected __corrected
1 0.0100(b) 0.0100 700 47.2 47.4
4 0.0105 0.0105 800 53.1 53.4
7 6.0117 0.0117 960 58.7 59.1
10 0.0145 0.0145 1000 64.1 64.6
15 0.0232 6.0232 1106 69.1 69.7
20 0.0391 0.0391 1200 75.8 74.5
25 0.0661 0.0660 1300 78.5 79.4
30 0.112 0.112 1400 §3.2 84.2
40 ¢.304 0.304 1500 £7.8 89.0
50 0.649 0.648 1600 82.3 93.7
60 1.114 1.112 1700 96.7 98.3
70 1.706 1.703 1800 160.9 182.7
80 2.413 2.40¢ 1900 104.9 107.0
90 3.196 3.191 2000 108.7 111.0
100 4,01 4.00 2160 112.2 114.8
150 8.22 $.21 2202 115.6(s) 118.5(s)
200 12.43 12.42 2202 135.1(%)
250 16.37 16.36 2400 137.6
273 18.14 18.14 2600 140.4
293 19.68 19.68 2800 143.3
300 20.21 20.21 3000 146.4
350 24,2 24.2 3200 149.7
400 28.0 28.0 3400 153.3
500 34.8 34,9 3600 157.5
600 41.1 41.2 3800 162.0
4000 166.8

2The values are for vanadium of purity 95.99% or higher, but those below 100 K
are applicable specifically to vanadiun having a residual resistivity of

0.0100 x 1078 ¢ m.

The columns headeé uncorrected and corrected refer to
values uncorrected arnd corrected for thermal expansion, respectively.

Solid

line separating tabular values indicztes sclid to liquid state transformation.

b

Assuming superconductivity seppressed by magnetic field.
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TABLE 2. MEASUREMENT INFORMATION ON THE LLECTRICAL RESISTIVITY OF VANADIUM V (continusd)
T - —————— R S —— e
Set Ref. Author (s) Year Hethod Temp. Specimen Composition (weight percent), Specifications and Remarks
No. Used Range, K A "
No. Designation o
20 20 Azhazha, V.M., ct al. 1976 A ’ 5-272 ) Same as above except D273.2/Po = 220 and T, = 5.52 K.
21* 21 Alekseevskii, N.E., 1975 -+ 300 99.9 V; resistance measured using electronic amplifier with x~y
Mitin, A.V., and recorder.
Matveeva, N.M,
22 22 Cezairliyan, A., 1974 T 293-2100 99.9 V; polycrystalline; from Materials Research Corp.; 120 ppm C,
23 Righini, F., and 20 ppm Fe, 60 ppm Nb, 10 ppm N, 15 ppm O, 15 ppm P, 50 ppm 5i, 70
MeClure, J.L. ppm Ta, 10 ppm Ti, 30 ppm W, 15 ppm Zr, other total less than 50 ppm;
24 Beckett, C.W. 1974 tube made from rod by electro-erosion, 6.3 mn diameter (outside),
76.26 mn long; density 6.1 g em™?; heat treated by pulse heating -30
pulses to 1900 K; 0.5% cstimated total error in measurement; experi-
mental vacuum ~10™° torr.
23% 25 Kumagai, K. and 1974 A 300 99.95 V from Material Research Corp. (V-P grade); method is electron
Ohtsuka, T. beam furnace at pressures below 1075 torr to outgas sample; T, =
5.20 K; _Uwco\o_..n = 20.0
24 26 Prekul, A.F., 1974 A 5-267 No details aré given; data extracted from figure.
Rassokhin, V.A., and
Volkenshtein, N.V.
25% 27 Lang, E. and 1975 A 77,293 VS1l Single crystals of [(491] orlentation; <10 ppn Oz, <5 ppm of other
Bressers, J. interstitials and substitutionals; prepared by electron beam melting
under UHV conditions, annealed at 1373 K; Pa2s3/077 = 8.59; ideal
resistivity ratio 0.116; results of oxygen doping of V crystals
indicated a linear increase of resistivity with incrcasing 0, content.
26 28 Neimark, B.E., 1973 g 293-1773 VEL2 99.82 v, 0.05 Al, 0.02 Ni, 0.01 Fe, 0.024 C, 0.003 Si, 0.07 O2;
Belyakova, P.3I., specimen of V fused by electron beam in vacuum from pressed powder;
Brodskii, B.R., annealed at 900°C in vacuum of 10™° mm Hg and at 1540°C of 10°° mm
Voronin, L.K., Hg; resistivity in the range 20-1100°C measured by Jaeger-Disselhorst
Korytina, S.F., and method and in the range 900-1400°C by Bode method; agrcement between
Merkul'ev, A.N. these two measurements is *15% within maximun error of measurements;
resistivity value at 293 K increasel from 21.3 x 107% Q@ m to 27.3 x
107% Q m after heating the specimen to 1100°C; data extracted from
smooth tabulated values.
27 29 Chernoplekov, N.A., 1973 5-1032 Ture V (no purity or source mentionad); sample rod 60 mm long with
Panova, G.Kh., cross section 0.7 x 0.7 mm; values extracted from smooth values from
Samoilov, B.N., and small figure.
Shikov, A.A.
28% 30 Arutyunov, A.7., 1972 1000-19C0 99.72 v, 0.13 A1, 0.09 si, 0.05 Fe, 0.04 C, 0.055 0, 0.001 H, and

Makarenko, I.N., and
Filippov, L.P.

*Not shown in figure.

0.01 N; annealed in vacuum at 1600 £ for 2 hr; sample 12 mm diameter
and 90 mm length; the data reported here appeared to be sameé as in
data set 29.
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TABLE 2. MEASUREMENT INFORMATION ON THE ELECTRICAL RESISTIVITY OF VANADIUM V  (continued)
Data S o Name and
Set Ref. Author(s) Year Method Temp. Specimen Composition (weight percent), Specifications and Remarks
No. Used Range, K :

No. Designation ~

39 39 Wertheimer, M.R. and 1967 R 4.2 V1 Specimen from Imphy Kulhmann; 0.3% total impurity; 87% cold drawn.
Gilehrist, J.G.

40 39 Wertheimer, M.R. and 1967 R 4.2 v2 Same as above except 97% cold drawn.

Gilehrist, J.G.

41 40 Amitin, E.B., 1967 16-29) Sample 1 99.63 V; polycrystalline; 13.1 x 3.7 x 0.8 mm plate prepared by cut-
Kavalevskaya, Yu.A., ting with corundum disk under emulsion layer subjected to 10° atm
and Kovdrya, Yu.Z. pressure at 293 K to suppress possible porosity; sample annealed in

) 107% mn Hg at 1123 K for 5 hr; density 6.2 g nalww p273/pg = 11.5;
data obtained from pp/pz73; from figure and Pp73 = 24.1 x 1078 Qm
reported by authors.

42 40 Amitin, E.B., et al. 1967 131-277 Sample 2 Sample supplied by Metal Physics Institute of Academy of Sciences of
the USSR; oN:\Do = 15; data obtaired from DH\omuw from figure and
P273 = 23.6 x 107° Q m from Mathicsson's rule.

43 41 Van Gurp, G.J. 1967 R 5.1 99.9 v, 0.05 si, 0.03 Fe, 0.04 Ti, 0.1 O, 0.06 N; specimen from A. C.
Mackay Ltd.; in the form of sheet that was zone melted and cold
rolled to 30 y thickness; resistance measured by Kiethly D.C. Ampli-
fier amplifying voltage output of sample due to varying magnetic
fields; p3oo/py.2-= 10. :

44 41 Van Gurp, G.J. 1967 R 5.2 Same as above except annealed at 107 '® torr at 1600°C; P3oo/Pu.2 = L15.

45% 42 Druzhinina, J.P., 1966 A 293 0.01~0.05 ¢, 0.03-0.05 02, 0.008-0.01 N», 0.2-0.22 Si, 0.27-0.65 Fe,
Vladimirskaya, T.M., 0.03-0.16 Al; 22 mm x 0.42 mm diameter rod forged from ingots at
and Fraktovnikova, 1173-1223 K; specimen heated in He atmosphere prior to forging;

A.A. samples annealed at 1273 K for 30 minutes; measurements in vacuum;
measurement temperature not reported, however assumed to be 293 K.
4e* 42 Druzhinina, J.P., 1966 A 293 Same as above except specimen cold-hardened.
et al.

47% 42 Druzhinina, J.P., 1966 A 293 Same as above except diameter 0.96 mm; annealed specimen.
et al.

48% 42 Druzhinina, J.P., 1966 A 293 Same as above except specimen cold-hardened.
et al,

49% 42 Druzhinina, J.P., 1966 A 293 Same as above except diameter 1.33 mm; annealed specimen.
et al.

50% 42 Druzhinina, J,P., 1966 A 293 Same as above except specimen cold-hardened.
et al.

51% 43 Horz, G., Gebhardt, 1965 K ©273-1762 0.06 0z, 0.01 Hp, 0.04 Nz; fused by electron beam; 0.5 mm diameter
E., and Durrschnabel, W. wire 16 cm long; annealed at 1500°C for 15 minutes at 1.5 x 10”° torr.

44 Horz, G. 1966

#Not shown in figure.
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TABLE 2. MEASUREMENT INFORMATION ON THE ELECTRICAL RESISTIVITY OF VANADIUM V  (continued)
Data o o Name and - .
Set Ref. Auther (s) Year Method Teme. Specimen Composition (weight percent), Specifications and Remarks
No. Used Range, K L
No. Designation
64 53 Gautron, G.J., et al. 1981 c 3.92-298.0 additionally electron-electron scattering (pee = 1.6 * 0.2) x 107!3
(cont.) Qm wﬂmu mHmmnﬂop._lE.,oson interband scatteriag pgg = (2.6 * 0.3) x
107 Q m X%, and electron-phonon intraband scattering pgg =
(7.3 £ 1.1) x 107!® o m K°°,

65 54 Tsai, C.L., Fagaly, 1981 C 4.5~298.1 Sample I Sample purified using electrotransport tecimique; RRR = 1760; py =
R.L., Weinstock, H., 0.0109 x 10°% @ m; superconducting transition temperature 5.43 *
and Schmidt, F.A. 0.03 K; data extracted from figure.

66 54 Tsai, C.L., et al. 1981 C 4,4-90.5 Sample II Similar to above except less pure and p, = 0.261 x 1078 @ m; super—

conducting transition temperature 5.37 K; data extracted from figure.

67 55 Taylor, R.E. and 1981 K 298.9-745.0 Sample (RRR " 400) reccived from Dr. J. Cook of National Research
Groot, H. . Council, Canada; density 6.095 g cm™°.

68 56 L'vov, S.N. and 1965 A 292-1470 99.9¢ V, iodide vanadium; measurement in vacuum furnace 2 x 10~" to
Nemchenko, V.F. 8 x 10°° mm Hg; data extracted from figure,

69*% 57 Peletskii, V.E. 1978 -> 200-2100 Recommended values for pure V; values based on 1968-IPTS and cor-

*Not shown in figure.

rected for thermal expansion; confidence interval of the values
varied from -2.8% near room temperature to 1.6-2.0% in the region
1800-2000 K.
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ELECTRICAL RESISTIVITY OF VANADIUM AND ZIRCONIUM
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TABLE 3. EXPERIMENTAL DATA ON THE ELECTRICAL RESISTIVITY OF VANADIUM V (continued)

T [ T P T P T o T P ' T P

DATA SET 37 (eont.) DATA SET 41 (cont.) DATA SET 42 (cont.) DATA SET 48*% DATA SET 54 DATA SET 57 (cont.)
134.4 8.56 77 4.9 184 15.3 293 28.0 20 1.56 220 22.0
169.8 11.72 89 6.1 187 15.8 77 3.98 232 22.9
191.0 13.55 100 7.1 190 16.0 DATA SET 49% 273 20,34 242 23.6
198.3 14.21 108 8.1 195 16.4 253 24.5
213.5 15.48 116 8.7 198 16.6 293 24.6 DATA SET 55% 261 25.0
233.6 17.16 123 9.5 201 16.8 282 26.7
242.6 17.89 126 9.8 204 17.2 DATA SET 50% 20 1.54
260.8 19.33 134 10.7 207 17.4 77 3.96 DATA SET 58
270.0 20,08 141 11.6 210 17.8 293 28.6 273 20.39 - —
291.0 21.69 144 11.8 214 18.1 140 15.1
309.6 23.10 151 12.5 216 18.2 DATA SET 51% DATA SET 56 148 15.9
333.6 24,90 155 12.8 222 18.8 156 16.7
349.6 26.13 160 13.3 223 19.0 273 20.5 224 18.4 165 17.3

163 13.7 225 19.1 283 22.0 225 18.5 170 17.8
DATA SET 38 168 14.1 227 19.4 1187 73.7 276 18.7 178 18.5
— 171 14.4 231 19.6 1302 80.0 228 18.8 187 19.3
5 0.82 175 14.8 234 19.9 1317 80.0 229 19.0 190 19.4
20 0,82 179 15.2 236 20.3 1378 83.3 230 19.1 197 20.0
40 1.3 183 15.5 245 21.1 1433 85.8 232 19.2 207 20.9
60 2.1 186 15.9 249 21.5 1437 86.2 233 19.4 216 21.6
80 3.4 192 16.5 253 21.8 1446 86.2 234 19.5 224 22.3
121 7.4 199 17.2 258 22.2 1493 88.7 236 19.7 227 22.5
161 11.2 206 17.8 261 22.6 1537 91.2 237 19.8 238 23.2
201 14.5 212 18.4 266 23.0 1542 90.6 238 19.9 247 24.1
241 17.8 220 19.1 269 23.3 1584 93.2 239 20.0 256 24,8
280 20.9 226 19.6 277 24.1 1632 95.4 241 20.1 267 25.5
300 22,5 229 20.0 1643 95.2 242 20.2 273 25.9
320 23.8 234 20.4 DATA SET 43 1683 97.1 243 20.3 288 27.1
338 25.3 239 20.8 1724 98.8 244 20.5
244 21.3 5.07 2.6 1752 101.0 245 20.5 DATA SET 59
DATA SET 39 249 21.7 1762 100.8 246 20.6 .
I 256 22.3 DATA SET 44 246 20.6 15 4.84
4,2 3.9 262 22.9 DATA SET 52 20 4.87
265 23.2 5.15 1.7 K DATA SET 57 30 4.97
DATA SET 40 275 24.0 20 4.0 40 5.21
- 287 25.0 DATA SET 45% 77 6.48 126 13.8 50 5.57
4.2 4.4 299 26.0 273 22,67 132 14.5 75 7.13
293 23.6 138 14.9 100 9.08
DATA SET 41 DATA SET 42 DATA SET 53 145 15.6 150 13.5
- - DATA SET 46% 151 16.2 200 17.5
16 1.9 131 10.1 20 0.74 161 17.0 250 21.5
21 2.1 144 11.7 293 28.9 77 3.18 167 17.5 273 23.1
26 2.1 155 12.7 273 19.54 174 18.2 295 24.7
38 2.4 161 13.3 DATA SET 47% 182 18.9 390 31.4
47 2.7 160 13.9 . - 192 19.7
56 3.2 173 14.3 293 23.8 203 20.5
68 4.1 178 14.9 213 21.3
*Not shown in figure.
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TABLE 3.

EXPERIMENTAL DATA ON THE ELECTRICAL RESISTIVITY OF VANADIUM

vV (continued)

3

T

DATA SET 60*

293

26.0

DATA SET 61

93

17.96

DATA SET 62

93

16.49

DATA SET 63%

273 18.2

DATA SET 64

3.923  0.0105
4.145  0.0106
4.175  0.0105
4,216  0.0106
4.218  0.0105
4.270  0.0106
4.289 0.0106
4.456  0.0106
4,516 0.0107
4.577 0.0107
4,793 0.0107
4.849 0.0108
4.873  0.0107
4.993  0.0108
4,998  0.0108
5.004  0.0108
5.185  0.0109
5.282  0.0109
5.294 0.0109
5.347 0.0109
5.414 0.0110
5.487 0.0110
5.618  0.0111
5.680  0.0110
5.705  0.0110
5.802  0.0111
6.172  0,0112
6.190  0.0113
6.269  0.0114
6.275 0.0113
6.456  0.0114

DATA SET 64 (cont.)

DATA SET 64 (cont.)

6.348
6.518
6.758
6.842
6.963
7.066
7.140
7.185
7.203
7.229
7.582
7.607
7.723
7.925
7.946
7.994
8,208
8.331
8.433
8.628
8.768
8.776
9.241
9.318
9.441
9.728
9.393
10.066
10.156
10.338
10.371
10.571
10.792
10.828
10.863
11.295
11.585
11.833
11.885
12.085
12.216
12.448
12.725
12.903
12.957
13.160
13.416

0.0114
0.0114
0.0116
0.0117
0.0117
0.0118
0.0119
0.0118
0.0118
0.0119
0.0121
0.0122
0.0122
0.0122
0.0124
0.0124
0.0125
0.0127
0.0128
0.0129
0.0131
0.0130
0.0135
0.0136
0.0137
0.0139
0.0137
0.0144
0.0144
0.0147
0.0146
0.0150
0.0153
0.0153
0.0153
0.0160
0.0164
0.0167
0.0167
0.0170
0.0172
0.0176
0.0181
0.0184
0.0185
0.0189
0.0194

*Not shown im figure.

13.494  0.0195
13.678  0.0200
14.306  0.0212
14.395  0.0215
14.550  0.0218
14.874  0,0225
15.033  0.0228
15.188  0.0231
15.207  0.0233
15.702  0.0247
16.273  0.0260
16.350  0.0264
16.406  0.0263
16.664  0.0273
17.032  0.0282
17.155  0.0285
17.158  0.0286
17.309  0.0291
17.989  0.0315
18.128  0.0319
18.647  0.0338
18.541  0.0332
18.577  0.0335
19.782  0.0381
20.133  0.0396
20.320  0.0406
30.026  0.115
39.950  0.298
52.012  0.635
60.523  1.10
73,034  1.91
79.067 2.2
91.667  3.40
100.03 4,13
189.09  11.50
298.0 19,90
DATA SET 65
4.49 0.0116
4.86 0.0116
5.47 0.0116
5.69 0.0121
6.41 0.0125
7.22 0.0125
7.81 0.0128
8.13 0.0136

8.97

8.98

9.72

9.91
10.73
1L.17
11.62
12,58
12.58
13.62
14.17
14.45
14,46
15.34
15.65
16.94
16.95
17.63
19.08
19.09
19.86
20.67
21.51
22,38
22.83
23.30
23.77
23.77
25.73
25.74
26.25
27.32
27.87
28.44
30.18
30.20
31.43
32.70
33.36
34.72
35.42
36.87
37.61
39.15
40.74
41.57
42,41

DATA SET 65 (cont.)

0.0135
0.0147
0.0147
0.0159
0.0158
0.0178
0.0171
0.0185
0.0197
0.0197
0.0213
0.0230
0.0249
0.0239
0.0254
0.0285
0.0309
0.0328
0.0315
0.0347
0.0376
0.0406
0.0440
0.0466
0.0494
0.0567
0.0602
0.0614
0.0664
0.0718
0.0746
0.0823
0.0891
0.0982
0.102

0.119

0.134

0.139

0.160

0.173

0.187

0.215

0.237

0.267

0.306

0.338

.0.365

DATA SET 65 (comt.

44.13 0.395
53.89 0.755
57.22 0.936
81.93 2.49
85.28 2.92
204 .4 11.2
264.5 15.4
298.1 19.1
DATA SET 66
4.36 0.263
4.45 0.248
5.21 0.258
5.64 0.279
5.98 0.268
6.35 0.279
6.87 0.279
7.74 0.268
8.37 0.273
8.71 0.273
10.21 0.268
11.05 0.273
12.44 0.273
13.20 0.278
14.57 0.284
14.87 0.289
15.77 0.278
17.41 0.289
18.85 0.289
19.61 0.295
22.52 0.313
24.86 0.319
26.39 0.345
28.56 0.366
30.31 0.388
33.47 0.411
33.47 0.428
35.52 0.453
36.24 0.481
38.46 0.520
40.02 0.563
41.64 0.585
44.20 0.645
46.92 0.712
48.83 0.816
57.27 1.18

DATA SET 66 (cont.)

83.60 2.75
90.52 3.22
DATA SET 67
298.9 21.80
330.0 23.32
347.1 24.10
362.0 25.56
368.4 25.57
415.3 28.82
419.5 29.12
439.5 30.91
484.5 33.48
487.2 33.65
573.8 39.12
580.9 39.55
745.0 49.19
DATA SET 68
2952 26.4
407 31.5
434 35.2
536 40,0
637 46.8
759 53.7
834 53.8
847 57.1
1023 6%9.0
1037 64,1
1051 69.1
1260 79.4
1342 81.2
1470 88.0

DATA SET 69%

200
300
400
500
600
700
800
900
1000

12.70
20.11
27.13
33.81
40.15
46.19
51.96
57.47
62.76
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TABLE 3.

EXPERIMENTAL DATA ON THE ELECTRICAL RESISTIVITIY OF VANADIUM

v

(continued)

DATA SET 69 (cont.)*

1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100

67.84
72.75
77.52
82.15
86.70
91.17
95.52
99.93
104.84%
108,84
113.35

*Not shown in fizure.
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ELECTRICAL RESISTIVITY OF VANADIUM AND ZIRCONIUM

and Smith* (data sets 52~55), and White and Woods*°
(data set 59). Very recent studies have been made by Gautron
et al.>* (data set 64) on a sample with the highest purity (i.e.,
lowest p, = 0.01 X 1078 £2 m) and by Tsai et al.>* (data sets
65, 66) on a sample with p, = 0.0109 X 10~* 2 m.

The temperature-dependent part of the electrical resis-
tivity below 21 K was reported to be proportional to T3 by
White and Woods.**° This was confirmed later by results of
Chakalskii ez al.,’® Jung et al.,''® and by Aleksandrov et
al.’® The presence of the cubic term is evidently connected
with s—d interband scattering. However, studies of Tsai et
al>® on the sample with p, = 0.0109 X 10™% 2 m found an
additional 7 term which they atiributed to electron—elec-
tron scattering ( g, ). In order to verify these results, Gautron
et al.*® carried out electrical resistivity measurements on an
even purer specimen with p, = 0.01X10~% 2 m, and ob-
tained a value of {1.6 + 0.2) X 10~ £2 cm/K? for the coeffi-
cient of p, that was compatible with the value of
(1.3 £0.2)X 10~ "' 2 cm/K? obtained by Tsai e al.5* Gau-
tron et al.>® pointed out that the temperature-dependent
electrical resistivity above 10 K is dominated by electron—
phonon interactions. Below 10K, the electron—electron
term makes a significant contribution, and it begins to domi-
nate below 5 K. Failure to detect the p, term in earlier stud-
ies (e.g., Refs. 15-18 and 48-50) was attributed to the fact
that these studies did not involve measurements to low
enough temperatures, and also to the fact that below 10 K
the electron—electron contribution is of the order of or less
than p,, even for relatively pure specimens.

. An anomalous behavior of the electrical resistivity
between 180 and 300 K has been observed by Burger and
Taylor,*¢ Suzuki e al.,”* Smirnov and Finkel,*” and by Ros-
toker and Yamamoto.” However, Westlake*® found that hy-
drogen absorbed in the specimen affects the resistivity anom-
alously near 180 K and that hydrogen-free vanadium did not
show such anomalous behavior.

Comparison of the electrical resistivity data below
room temperature indicates that the electrical resistivity of
vanadium deviates from Matthiessen’s rule. The deviations
are dependent not only on the concentration of impurities,
but also on their type. The deviations are larger for the less
pure specimens.

With the discussion given above in mind, the recom-
mended values are based on the data of Courtney’* (data set
11), Jung et al.**'® (data sets 13-16), Gautron et al.>* (data
set 64), and of Tsai®® (data set 65), who all measured speci-
mens with residual resistivity ratio (RRR)> 1500. Special
weight was given to the data of Gautron et al.>* on a speci-
men with RRR = 1970 and p, = 0.01 X 102 2 m. The de-

viation of the data from the recommended values for some-

what less pure specimens (Refs. 13,19,20,37,38,40,45,48,49)
are shown in Fig. 1. ' .

At the highest temperatures, there is general agreement
on the temperature dependence of the electrical resistivity.
There are few good data from 300 to 1200 K. The recom-
mended values in this temperature range are based on the
data of Neimark ez al*® (data set 26) and of Taylor and
Groot> (data set 67). However, Neimark et a/. have indicat-
ed rather high maximum error for their measurements, and

1113

RRR = 400is reported by Taylor and Groot>” for their sam-
ple. The recommended values from 1200 to the melting point
are based on the data of Gathers ez a/.*® (data set 2), Cezair-
liyan ef al.*** (data set 22), and of Peletskii e al.>>%" (data
sets 30 and 69, respectively). A compromise has been made
between their somewhat divergent results. The scatter of the
data from other investigations reported in Table 2 (Refs.
12,28-30,33,34,36,43,44,56) is of the order of + 10%. The
recommended values above 2202 K, in the liquid region, are
based on the compromise between the only two data sets
available, due to Seydel and Fucke® (data set 1) and to
Gathers er al.'® (data set 2). At 4000 K, the divergence in
their values approaches 9%. The data of Gathers et al.'®
indicate a lower melting point than the generally accepted
value of 2202 K, presumably because their data were taken
under pressure. ‘

The recommended values of the electrical resistivity
given in Table 1 and shown in Figs. 2 and 3 along with the
experimental data, which were used to generate these values,
are for vanadium of 99.99% purity or higher, but those be-
Iow 100 K are applicable specifically to vanadium having a

-residual resistivity of 0.0100X 1078 2 m. The table gives

both values uncorrected and corrected for thermal expan-
sion, while the figures show only the uncorrected recom-
mended values and mostly uncorrected experimental data.
The values for the thermal expansion were taken from Ref.
121. The uncertainty in the recommended values is estimat-
ed to be within + 10% from 7 to 20 K and + 5% at lower
and higher temperatures.

Electrical resistivity of slightly less pure vanadium with
different residual resistivity can be calculated from the rec-
ommended values using the Matthiessen rule. This proce-
dure involves subtracting p, from the recommended p value
to obtain the temperature-dependent part to which p, of the
specimen in question be added to generate a set of values
applicable to that specimen. However, it should be pointcd
out that this procedure neglects contributions due to devia-
tions from the Matthiessen rule. In this regard it is noted that
the data of Jung et al.'® indicate an increase in p, by a factor

. of 2 would result in a temperature-dependent resistivity ap-

proximately 4% higher up to 20 K while an increase of p, by

~ afactor of 20 would increase it by 13% in the same tempera-

ture range.

Vanadium is a transition element and its low-tempera-
ture electrical resistivity depends on the type as well as on the
concentration of impuritics. The clectrical resistivity of low-
er purity vanadium is, therefore, difficult to estimate, espe-
cially at low temperatures (<250 K). However, judging
from the data reported by Jung et al.,'®'8 it appears that for
specimens having residual resistivities less than
0.5x107% 2 m only small uncertainties
(<0.01X107*2m at 20K, and ~0.3X107302m at
100 K)) are introduced by the application of Matthiessen’s
rule. The data from Refs. 16-18 (data set 13) and from Ref.
38 (data set 38) with sample residual resistivity of
0.52X107® 2 mand 0.81 X 107® £2 m, respectively, are also
shown in one of the figures for illustration.

Additional information on the electrical resistivity is
reported in Refs. 58-9S. Data of Hensler et al.3° (data sets

J. Phys. Chem. Ref. Data, Vol. 13, No. 4, 1984
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ELECTRICAL RESISTIVITY OF VANADIUM AND ZIRCONIUM

33, 34), Gurp*' (data sets 43, 44), and of Wruk and Wert®!
(data sets 61, 62) are for films/foils; readers are directed to
Refs. 96-115 for additional information/data on films. The
data of Courtney'* (data sets 8-10) are hydrogen-doped va-
nadium and additional information/data on various doped-
vanadium samples are reported in Refs. 65, 72, 102, and
116-119. Effects of irradiation are discussed in Refs. 71, 72,
and 120, of annealing temperature in Refs. 66, 112, 116, and
120, and of pressure in Refs. 73, 74, and 122.

3.2. Zirconium

There are 43 data sets available from 23 references
(Refs. 33,49,123-144) for the electrical resistivity of zirconi-
um specimens with purity 99.8%-99.99%. The temperature
range covered by these data sets is from 1.7 to 2127 K. The
information on specimen characterization and measurement
condition for each of the data sets is given in Table 5. The
data sets are tabulated in Table 6 and shown partially in Fig.
4.

From liquid-helium temperature to room temperature
the only sct of data for high-purity zirconium is that of White
and Woods* (data set 27) on a specimen with residual resis-
tivity ratio (RRR) = 168. Above 100 K these data appear to
be trustworthy, but their reliability below 100 K is not suffi-
cient to permit reliable interpretation in terms of any low-

1117

temperature conduction mechanism. However, White and
Woods pointed out a T** dependence of the temperature-
dependent resistivity above 13 K as indicating rather strong
electron—phonon s—s interband scattering. This and earlier
work of Kemp et al.'*' (data set 31) on a specimen with
RRR = 25 was supported 15 years later by Volkenshtein et
al.’® (data set 12) using a specimen with RRR = 34. Fur-
thermore, the data of Volkenshtein et al.'*! suggested the
existence of a 72 term below 13 K which was undoubtedly
related to electron~electron scattering. T dependence indi-
cative of s-d electron—phonon scattering was neither ex-
plored nor reported by these or other low-temperature stud-
ies (Refs. 131-137,140). Carcful low-temperature studies on
a very pure specimen are required to detect such depen-
dence.

The recommended values below 293 K are based on the
data of White and Woods*® {data set 27), who studied the
purest specimen ( p, = 0.25X 1072 2 m).

In the temperature range up to T, 5 = 1137 K, there
appears to be fairly good agreement ( 4 10%) among the
data of Bykov et al.'*" (data set 7), L'vov et al.>® (data set 13),
Peletskii et al.'* (data set 15), Powell and Tye'*® (data sets
22-24), Bing et al.'*? (data sct 37), and of Cook et al.'** (data
set 38). The recommended values up to 800 K are based on
the data of Peletskii ef a/.'** (data set 15). In the temperature
range from 800 to 1137 K, the recommendations were guid-
ed by the data of Cezairliyan and Righini'?*'? (data set 2),

TABLE 4. RECOMMENDED VALUES FOR THE ELECTRICAL RESISTIVITY OF ZIRCOMIUM?
[Terperature, T, K; Electrical Resistivity, p, 168 0 m]
T r T d
uncorrected corrected uncorrected corrected
1 0.250 0.250 700 104.2 104.5
4 0.250 0.250 800 114.9 115.3
7 0.250 0.250 900 123.1 123.6
10 0.253 0.253 1000 128.8 129.4
15 0.283 0.283 1100 132.0 132.8
20 0.357 0.357 1137 132.6{a) 133.4(a)
25 0.491 0.4%0 1137 110.8(8) 111.3(p)
30 0.712 0.711 1150 111.1 111.7
40 : 1.443 1.441 1200 112.2 112.8
50 2.495 2.492 1300 114.5 115.2
60 3.75 3.75 1400 116.5 117.3
70 5.15 5.14 1500 118.6 119.6
§0 6.64 - 6.63 1600 120.4 121.5
90 8.18 8.17 1700 122.3 123.5
100 9.79 9.78 1800 124.0 125.4
150 17.85 17.84 1900 125.8 127.4
200 26.35 26.33 2000 127.5 129.3
250 34.9 34.9 2100 129.1 i 131.0
273 38.8 38.8 2127 129.5(s) 131.4(s)
293 42.1 42.1 2127 141.3(R)
300 43.3 43.3
350 51.9 51.9
400 60.3 60.3
500 76.5 76.6
600 91.5 91.7

8The values are for polycrystallime zirconium of purity 99.95% or higher, but
those below 200 K are applicable specifically to zirconium having a residual

resistivity of 0.250 x 1078 ¢ m,

the columns headed uncorrected and corrected

refer to values uncorrected and corrected for thermal expansion, respectively.
Solid lime separating tabular values indicates solid to liquid state tramsfor-
mation, while dotted line indicates solid phase transition.

a: ophy p: boo.
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TABLE 5. MEASUREMENT INFORMATION ON THE ELECTRICAL RESISTIVITY OF ZIRCONIUM Zr (continued)
Data Name and
Set Ref. Author (s) Year Hethod Temp. Specimen Composition (weight percent), Specifications and Remarks
No. Used Range, K
No. Designation
17 134 Elldiott, R.O. and 1970 4,6-30.6 105 ppm O2, 8 ppm N2, 33 ppm C, and 27 ppm Fe; heating cycle; data
Hill, H.H. extractad from figure.
18 134 Elliott, R.O. and 1970 1.5-4.0 Same as above except cooling cycle; data extracted from figure.
Hill, H.H.
19 135 Betterton, J.0. and 1968 4.2,300 No details given.
Easton, D.S.
20 136 Clinard, F.W., Jr. 1968 A 2.1-295 Commercial specimen 95-175 ppm Oz, 40 ppm Nz, <40 ppm Hp, <1000 ppm
and Kempter, C.D. ' Hf, <1000 ppm Nb, 200 ppm Fe, 100 ppm Ni, <100 ppm each Ti, vV, Zn,
Mo, and Pb; Pg = 0.8 x 107° Q m; annealed condition; cylindrical spec—
imen 0.25 in. diameter and 1 in. long; data extracted from figure;
average of heating and cooling.
21 137 Cape, J.A. and 1965 8.8-24.1 Specimen cut from a button arc-cast in an inert atmosphere; finished
Hake, R.R. sample vas then measured as machined without annealing; specimen
was 1 x 0.1 x 0.01 in.; estimated absolute values of the resistivi-
ties are accurate to approximately 22%; values calculated from
graphically reported values of Pr~Py,, and tabulated values of
1.522 x 107%Q m for p, ,.
22 138 Powe.l, R.W. and 1961 A 264~1196 No. 715 onmwrwnmna.munma Zr, 0.018 Fe, 0.043 C, 0.007 41, 0.007 Nb, 0.0075 Nz,
Tye, R.P. 0.1-0.6 02; extruded; average of heating and cooling; data extracted
from figure. :
23 138 Powell, R.W. and 1961 A 87-1230 Van Arkel Zr Van Arkel zirconium, 0.012 Fe, 0.016 C, 0.0025 Nz, and 0.3-0.6 Oz}
Tye, R.P. . . cold sweged; average of heating and cooling; data extracted from
figure.
24 138 Powell, R.W. and 1961 A 264-886 No. 050 Arc melted low-carbon Zr; 0.045 Fe, 0.01 C, 0.008 Nz, 0.11 03;
Tye, R.P. . extruded; average of heating and cooling; data extracted from figure.
25 139 Kiselev, N.A. 1961 738-1353 Specimen prepared from iodide metal; average'of heating thermocouple
and optical pyrometer measurements; H.Qlw = 1138 K; data extracted
from figure.
26 139 Kiselev, ‘N.A. 1961 855-1356 Same as above; m.cmn.mmm ‘values of cooling thermocouple and optical
- pyrometer measurements; data extracted from figure,
27 49 White, G.K. and 1959 A 4.2-295 Zr3 99.95 Zr, 132 ppm Hf, 79 ppm C, 24 ppm Fe, 11 ppm Ni, 21-50 ppm 0,,
Woods, S.B. 3-50 ppm Nz, <100 ppm Zn, 2-7 ppm each Ca, Cr, Mo, Si, H,, and <10
ppm other elements; arc cast annealed 4 hr at 1100°C, swaged at room
temp.; annealed for 15 min. at 1000°C and finally for 15 min. at
800°C in a vacuum 1-2 x 10™¢ mm Hg; values calculated from tabulated
values of ideal resistivity (P1)s P23s = 42.4 x 107%Q m and Do\nnwm =
5.96 x 1073,
28 140 Berlincourt, T.G. 1958 4.2-298 Zrl Crystal bar from Westinghouse, 0.001 Ca, 0.01l€ Cu, 0.075 Fe, 0.002 H,

0.001 N, 0.016 0,, 0.013 Si; pp73/py,2 = 170.
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EXPERIMENTAL DATA ON THE ELECTRICAL WMmHm.H.H<Hex OF ZIRCONIUM

TABLE 6. Zr
[Temperature, T, K; Electrical Resistivity, p, 10~° Qm]
T (] T P T P T P P T P
DATA SET 1 DATA SET 2 (cont.) DATA SET 4 (cont.) DATA SET 7 (cont.) DATA SET 10 DATA SET 13 (cont.)
2097.0 128.52 1145 120.5 1850 123.61 556.6 85.3 2127 128.8 468 75.00
2099.1 128.56 1146 127.5 1900 124.60 576.1 88.4 2127 141.3 526 82.14
2101.6 128.61 1146 117.4 1950 125.59 595.5 91.5 577 91.07
2104.3 128.68 1147 119.1 2000 126.58 618.8 93.0 DATA SET 11% 621 98.21
2106.6 128.74 1148 118.0 2050 127.62 646.0 94.6 708 107.1
2108.5 128.81 1148 111.0 2100 128.59 661.5 97.6 4,2 0.14 766 114.3
2111.0 128.85 1149 128.8 677.0 99.2 293 0.10 823 121.4
2113.5 128.89 1149 112.4 DATA SET 5 700.3 101.5 852 125.0
2115.9 128.94 1150 125.9 723.6 104.6 DATA SET 12% 903 128.6
2118.5 129.01 1151 131.5 1500 117.65 746.9 106.1 976 132.1
2120.3 129.08 1151 124.0 1550 118.62 762.5 109.2 0.58 1.27 997 135.7
2121.5 129.13 1153 110.2 1600 119.75 785.8 110.0 0.95 1.28 1020 137.5
2123.2 129.19 1158 109.8 1650 120.87 805.2 111.5 1.9 1.28 1034 135.7
2124.3 129.23 1171 110.0 1700 122.00 820.7 113.0 3.0 1.28, 1063 133.9
2125.1 129.27 1188 110.5 1750 123.06 847.9 114.6 4.2 1.28 1092 133.9
2126.4 129.30 1203 110.9 1800 124,10 863.4 116.1 6.0 1.28 1106 128.6
2126.6 129.29 1219 111.2 1850 125.13 882.8 117.6 8.9 1.29 1135 117.9
2126.7 130.80 1237 111.5 1900 126.14 894.5 117.6 9.6 1.29 1143 114.3
2126.9 130.91 1248 111.7 902.3 118.4 10.4 1.29 1172 114.3
2127.1 129.71 1260 111.9 DATA SET 6 910.0 120.0 11.7 1.30 1208 112.5
2127.2 131.06 1265 112.0 ' 933.3 121.5 14.2 1.31 1230 114.3
2127.4 129.51 1173 111.9 960.5 122.3 14.7 1.31 1280 114.3
2127.4 130.14- DATA SET 3 1272 114.6 979.9 124.6 16.4° 1.33 1331 116.1
2127.5 129.62 1370 116.7 991.6 123.8 17.2 1.34
2127.5 129.8§ 1500 115.97 1472 119.4 1007.1 126.1 19.7 1.38 DATA SET 14
2127.6 130.23 1550 117.06 1570 121.3 1034.3 125.3 24.3 1.54
2127.7 130.80 1600 118.14 1668 124.0 1046.0 126.1 28.3 1.75 1000 131.5
2127.7 131.05 1650 119.25 1770 126.0 .069.3 126.9 32.9 2.05 1100 134
2128.1 130.35 1700 120.36 1868 128.8 ©2084.8 127.6 36.8 2.40 1200 114
1750 121.41 1964 130.8 2115.9 128.4 41.4 2.84 1300 115
DATA SET 2 1800 122.50 1973 131.0 1135.3 127.6 43.4 3.08 1400 116.5
1850 123.60 1146.9 125.3 46,7 3.30 1500 118
1092 130.5 1900 124.62 DATA SET 7 1166.4 109.2 50.7 3.78 1600 119.5
1097 130.9 1950 125.65 1181.9 110.0 52.0 4,06 1700 121
1103 131.3° 2000 126,68 288.7 46.1 1185.8 109.2 53.9 4.24 1800 122.5
1111 131.1 2050 127.71 304.2 46.9 1189.7 107.6 55.3 4,42 1900 124
1117 131.3 2100 128.61 323.6 50.0 1282.9 107.6 63.2 5.27 2000 126
1126 131.5 370.2 58.4 71.0 6.21
1139 125.0 DATA SET 4 389.6 60.0 DATA SET 8 DATA SET 15
1141 131.7 405.2 60.7 DATA SET 13
1141 126.9 1500 116.07 420,7 63.8 77 10.9 302.0 44.48
1141 123.0 1550 117.16 436.3 66.9 295 43.6 309 48,21 316.1 45,56
1141 112.0 1600 118.30 459.6 71.5 345 50.00 434.7 64,84
1142 113.1 1650 119.39 475.1 73.0 DATA SET 9 360 57.14 546.4 83.41
1143 118.6 1700 120.50 498.4 76.9 374 60.71 668.7 100.2
1144. 129.9 1750 121.56 517.8 81.5 77 14.2 403 60.71 805.4 114.2
1144 114.7 1800 122.57 537.2 83.0 295 47.0 439 67.86 928.3 123.9

#*Not shown in figure.
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TABLE 6. EXPERIMENTAL DATA ON THE ELECTRICAL RESISTIVITY OF ZIRCONIUM Zr (continued)

861 ‘v "ON ‘¢l “IoA ‘Breq “JoY "woy9 "sAyd

*Not shown in figure.

T I} T e} T 9
DATA SET 32 (cont.) DATA SET 37 DATA SET 41%
1019 136 273 40.2 302.9 * 46.7
1137 117 298 44.1 306.2 47.3
1164 117 533 81.3 311.4 48.2°
1213 118 317.0 49.4
DATA SET 38 322.4 50.4
DATA SET 33
277 39.9 DATA SET 42
924 130 293 42,4 —_—
1028 133 334 50.1 303.1 47.8
1073 130 382 59.1 305.4 48.1
1085 126 471 74.2 309.8 49.0
1096 124 508 79.9 315.3 50.1
1110 120 565 88.5 319.7 50.8
1122 117 662 101.1 320.8 51.0
1152 115 763 111.7
1176 115 832 118.2 DATA SET 43
1253 114 908 123.9
1299 116 1013 128.7 301.1 49.0
1069 131.1 303.2 49.4
. DATA SET 34 1113 131.1 305.5 49.8
1129 118.8 310.4 50.6
404 69.2 1136 111.1 315.6 51.6
570 99.8 1156 110.6 321.6 52.8
779 127 1172 111.0
931 139 1197 110.6
993 142 1253 111.8
1026 - 144 1277 112.6
1050 144
1078 145 DATA SET 39
1107 145
1127 131 303.5 45.9
1142 122 304.4 46.2
1159 121 306.0 46.5
1189 122 307.4 46.6
308.0 46.8
DATA SET 35 309.3 47.1
310.8 47.2
902 141 313.8 47.8
1088 145 323.0 49.6
1098 138
1114 126 DATA SET 40%
1127 124 I
302.1 46.5
DATA SET 36 305.0 47.0
309.9 48.0
90 9.03 315.9 49.2
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ELECTRICAL RESISTIVITY OF VANADIUM AND ZIRCONIUM
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